Wine chemical compositions, which result from a complex interplay between environmental factors, genetic factors, and viticultural practices, have mostly been studied using targeted analyses of selected families of metabolites. Detailed studies have particularly concerned volatile and polyphenolic compounds because of their acknowledged roles in the organoleptic and therapeutic properties. However, we show that an unprecedented chemical diversity of wine composition can be unraveled through a nontargeted approach by ultrahigh-resolution mass spectrometry, which provides an instantaneous image of complex interacting processes, not easily or possibly resolvable into their unambiguous individual contributions. In particular, the statistical analysis of a series of barrel-aged wines revealed that 10-year-old wines still express a metabologeographic signature of the forest location where oaks of the barrel in which they were aged have grown.
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diagenesis ͉ Fourier transform ͉ ion cyclotron resonance ͉ metabolite ͉ mass spectrometry C onsiderable progress has been made in recent years in the characterization of grape and wine metabolites, which have been shown to be responsible for therapeutic (1, 2) or organoleptic properties (3, 4) . Metabolic changes occur throughout the growth and maturation of grape berries, and at harvest time the berries contain the major grapevine compounds contributing to the body and flavor of the wine (5) . During winemaking processes and in particular during fermentation, these compounds act as a carbon, nitrogen, and element source for yeasts, and are either further metabolized, chemically transformed, or directly transferred to the wine. In traditional winemaking practices, several processes can then subtly modulate the characteristics of wine, and in most cases these modulations involve trace amounts and interplay of metabolites within a complex matrix that appear to be a unique beverage (6) . As a consequence, it is likely that deeper understanding of organoleptic or therapeutic activities of wine will rely on its consideration as a complex blend of wine active compounds.
Most of the current analyses of wine with classical analytical technologies contribute to a targeted metabolite profiling in oenology. Here, we report the nontargeted metabolite analysis of a set of wine samples that can be characterized as an ''oenolomic'' approach of wine, which we define in accordance with the ''metabolomics'' definition (7) as the quantitative description of all low molecular weight metabolites in a specified biological sample (vine grapes, yeast, or wood). This approach reveals the extremely high yet unknown chemical diversity of wine metabolites. In particular, we concentrated our analysis on a set of wines that were initially part of a full-scale study involving 9 French forests, designed to evaluate the influence of the geographic origin and the species of oak wood on the quality of wines matured in oak barrels (8) .
Results and Discussion
Describing the Chemical Spaces of Wine. A holistic nontargeted approach that enables an instant molecular picture of wines requires both the mass resolving power and the mass accuracy of high-field ion cyclotron resonance-Fourier transform mass spectrometry (ICR-FT/MS), up to considerable mass ranges. We recorded electrospray ionization (ESI) ICR-FT/MS mass spectra of samples representative of distinct steps of the elaboration of wine, proceeding from vine grape extracts to fully aged wines (Fig. 1A) . Within the mass range explored (150-2,000 m/z), the spectra exhibit several thousand peaks, which correspond to metabolites that can be ionized under the selected experimental electrospray conditions (9). Data reduction was followed according to elemental composition assignments using isotopic abundance patterns (10) before any further data treatments (11) . For example, the spectrum of a red wine from Burgundy (i.e., Vosne Romanée, 1995) can lead up to 17,400 peaks at a signal-to-noise ratio of 2, (115,000 at a signal-to-noise ratio of 1), which can be unambiguously attributed to 1,180 unique elemental CHONS compositions ( Fig. S1 ) with 200 ppb tolerance and confirmation with 13 C-signal (3,890 compositions at 500 ppb tolerance), from which only a few hundred may correspond to masses of metabolites, which have already been observed in model solutions or in wines through targeted analyses.
The diversity of chemical spaces of wine can already be observed in the mass distributions within the 200 millimass range of a single nominal mass (see Fig. 1 A) ; for example, when considering only the compositions based on C, H, and O (CHO chemical space in Fig. 1 A) , 7 out of a total of 11 theoretically possible combinations appear in the different spectra within the given 140-mDa range (12) . Of those, 2 series of CHO molecules (black and red) and another series of CHNO molecules (green) vary by a formal exchange of O against CH 4 . The peak at m/z 227.0713, which is present in the spectrum of the grape skin extract but absent from the spectrum of the grape flesh extract,
corresponds to the [M-H]
Ϫ ion with absolute mass formula [C 14 H 11 O 3 ] Ϫ and can most likely be assigned to resveratrol isomers. This attribution is further supported by the presence of an analogous mass peak in the spectrum of the Mercurey red wine, whereas it is absent from the spectrum of the Beaune white wine (see Fig. 1 A) . Interestingly, Fig. 1 A shows reveratrol along with many other metabolites (see the corresponding full spectrum of the wine in Fig. S1 ) in tartar precipitates that may appear in bottles upon aging. Finally, Fig. 1 A shows representatively for all of the mass range that nitrogen-containing molecules, such as for m/z 227.1037, are a signature of grape seeds and yeast metabolites.
An initial interpretation of such compilations of masses is made following assignment of elemental compositions with 2-dimensional van Krevelen diagrams (11, 13) , which sort each elemental composition onto 2 axes according to its H/C and O/C atomic ratios. Using a home-compiled database of compounds that can exist in model wine solutions or that have been actually observed in wines enables a similar representation of the specific contributions of phenolics, peptides, polysaccharides, nucleotides, and any other classes of compounds present in wines, which can be positively or negatively ionized (Fig. 1B) . Unprecedented graphical representations of the various chemical spaces (CHO, CHOS, CHON, CHONS) of wines are then obtained, which visually highlight specific cluster series of elemental compositions observed within nominal masses (Fig. 1C) . It must be noted, however, that many of the compounds responsible for the aroma of wines, which exhibit m/z values below 150, are not detected under our experimental conditions. From Oenolomics to Systems Oenology. When a wine's spectrum is transposed into van Krevelen diagrams, the result does not simply reflect the superposition of all separate diagrams that can be assembled from each separate step of its elaboration. Instead, it provides an instantaneous metabolite picture of a complex biological system (super organism approach), which encompasses all of the initial contributions of genetic factors modulated by constantly evolving environmental factors. When analyzed separately, each of these steps can be characterized by the potential release into the wine of thousands of compounds of extensive molecular diversity (Fig. S2) . It must be borne in mind that ICR-FT/MS alone does not allow one to distinguish isomers; therefore, it is likely that in any of the observed chemical spaces, the actual chemical diversity is considerably higher than that derived from mass peaks alone (12) .
In the context thus described, a metabolomics approach in oenology would require the analysis of countless samples to gather a comprehensive description of wine metabolites. Yet, it would have to integrate the decisive-but so versatile-''human'' factor, because in essence, wine producers are providing a sensory experience to the consumer (14) . Alternatively, the nontargeted metabonomics approach (15) , which combines multivariate statistics with high-dimensional unannotated variables, offers the possibility to integrate all of the history of time-related metabolic changes of wine throughout its elaboration process. We thus define for a given grape genotype, and following Nicholson and colleagues (7, 15) , ''systems oenology'' as the sums, products, and interactions of the individual compartments/metabolomes in a complex organism (here the global system equals wine). The systems oenology goal is thus a description of the qualitative and quantitative dynamic and multiparametric metabolic response of wine to environmental modifications.
When Systems Oenology Witnesses the Story That a Wine Tells.
In 1998, a full-scale integrated study involving 9 French forests and 4 sets of French wines was designed to evaluate the influence of the geographic origin and the species of oak wood on the quality of wines matured in oak barrels (8) . Each of these 4 sets corresponded to 12 repetitions of the same wine, which only differed by the oak wood species and origin of the trees used for the elaboration of barrels in which they were aged. We hypothesized that such sets of samples would represent unique panels of wine compositions with subtle variations, and as such, would be ideal candidates for the assessment of a systems approach in oenology. It must be noted that to date, no other analytical or sensory analysis of these wines was able to significantly discriminate them according to the species or the origin of oaks used for the barrels, regardless of the grape variety and the color. This situation can be explained by the high interindividual variability of chemical compositions among trees encountered in targeted analyses (16, 17) , the fact that sensory analyses of wines often conclude to preferences according to the forest origin that are different for white and red wines (18) , and above all, by the fact that so far correlations between sensory descriptors and related compounds have only been reported for the abundant speciesrelated oak cis-whisky lactone (17), whereas direct organoleptic effects of abundant nonvolatile ellagitanins on the wine flavor are, at best, subtle (19, 20) .
We recorded the negative-and positive-ion ESI mode ICR-FT/MS mass spectra of each of 60 wines (see SI Text), and these data were further statistically processed to identify possible discriminations among wines (only the negative-ion electrospray data are shown here; positive-ion data showed the same differentiations). Partial least-square regression discriminant analysis (PLS-DA) score plots of wines according to their color provided an illustration of the diversity of metabolites that could basically lead to significant discriminations, regardless of the species and origin of oak ( Fig. 2A) . The 2 predictive components of the PLS-DA model, R 2 (Y) ϭ 0.99 and the prediction accuracy Q 2 (cum) ϭ 0.96, were obtained through a typical 7-fold crossvalidation and guaranteed that this model is satisfactory. For example, within the 150 to 2,000 m/z range explored, 356 signals corresponding to unique CHO formulae were found representative for red wines, whereas 281 signals were found representative for the Chardonnay white wine. From the 2-dimensional van Krevelen representation (Fig. S3) of the corresponding signals, it can be seen that polyphenolic compounds (O/C region between 0.4 and 0.6, and H/C region around 1.0) obviously discriminate red wines. However, if unambiguous identifications would necessarily rely on separation methodologies, such procedure would be tedious and for many of the discriminant metabolites here, highly inefficient because of their very low concentrations. Alternatively, with such high-resolution mass data, reliable structural assumptions can be drawn from the questioning of topic-related available databases, such as KEGG, accessible with the MassTRIX interface (21) . Hence, when all of the exact masses that discriminate red wines are processed through MassTRIX, 35 distinct formulas are found that can be associated with 66 possible metabolites from the different annotated Vitis vinifera organism pathways ( Fig. 3A and Table  S1 ). Consistently with the van Krevelen diagram (see Fig. S3 ), 46 out of the 66 possible metabolites arise from polypenolic related patways: that is, phenylpropanoid biosynthesis, flavonoid biosynthesis, and flavone and flavonol biosynthesis (see Fig. 3A ). Many of these metabolites (among which for example are isomers of quercetin, catechin and myricetin) are known to exist in red wines and are therefore a reliable validation of such database treatment of our raw sets of masses. Likewise, the peak at m/z 243.0662 corresponding to the [M-H] Ϫ ion with absolute mass formula [C 14 H 11 O 4 ] Ϫ , and which is found in the phenylpropanoid pathway as the antioxidant tetrahydroxystilbene piceatannol (see Table S1 ), a parent molecule of resveratrol, is known to be efficiently ionized in negative mode ESI (22 Ϫ and the possible attribution to afzelechin (flavonoid biosynthesis pathway), known as a secondary metabolite in grape leaves (23) , would witness the presence of yet unreported antioxidant compounds in red wines. Applying a similar MassTRIX treatment to masses that discriminate the white wine leads to the identification of 21 distinct formulas that can be associated with 31 possible metabolites from the different annotated Vitis vinifera organism pathways (see Fig. 3A and Table S1 ). In a consistent contrast with red wines, only one possible metabolite arises from the phenylpropanoid biosynthesis pathway, which corresponds to coniferyl alcohol, a common lignin moiety, suggesting that in white wines the latter could remain in the bottle after extraction from the barrel without any further reactions. However, as for red wines, possible identifications (of N-containing molecules) agree with expected com- pounds in oak-aged Chardonnay wines such as tryptophol (24) , whereas other identifications also suggest less common compounds, such as pyridoxal or pyridoxo-lactone, which are derivatives of the B 6 vitamin. As a whole, this MassTRIX treatment of compounds that discriminates red and white wines not only illustrates the possibility to consistently propose structural identifications of some of the compounds, but most importantly points to the molecular diagenesis that occurs upon aging, because for both red and white wines less than 10% of the discriminant masses can actually find hits in the different Vitis vinifera pathways. Moreover, only less than 20% of all of the found signals can be assigned structures from existing related databases, showing the importance of the structurally unresolved chemistry of wine. This is all the more important because, as shown in van Krevelen diagrams (see Fig. S3 ), such diagenesis not only concerns the mostly studied polyphenolic compounds but also several other signals in the regions of fatty acids, amino acids, or carbohydrates. Similarly, several hundred peaks were selectively observed in each of the 4 wines of this study, which led to a clear discrimination of the wines according to their geographical origin, and in our case, to the variety of the grape from which they were elaborated (Fig.  2B) . Among the possible metabolites identified in Vitis vinifera pathways, pentose sugars, such as lyxose, xylose, or arabinose would discriminate the southern (thus from the warmer region) Gigondas samples, whereas Mercurey and Côte-Rotie wines would be both discriminated by N-and S-containing molecules, such as the cystathionine amino acid for the former and the antioxidant gluthatione tripeptide for the latter (see Table S1 ).
The possibility to discriminate wines according to the oak species of the barrels in which they were aged has already been demonstrated, with the particular identification of significantly higher amounts of aromatic whisky lactones in wines aged in European sessile or American white oak barrels (25) . However, the PLS-DA score plots for both red and white wines provide an enhanced representation of how wines aged in barrels from a given wood species are grouped together (Fig. 2C) . Most interestingly, these results show a significantly narrower distribution among white wines aged in pedunculate barrels than among those aged in sessile barrels, whereas no such difference in distribution is observed for red wines. For white wines, these findings corroborate the previously observed narrower distribution among pedunculate oak wood extracts than among sessile oak extracts (16) . In contrast, the broader distribution among red wines aged in pedunculate barrels witnesses to the multiple-yet to be discovered-products of the possible reactions between ellagitannins and wine nucleophiles, such as polyphenolic compounds characteristic of red wines (26) .
The major outcome of this nontargeted approach is the previously unavailable opportunity to discriminate wines according to the forest origin of the oaks used for barrel aging of these wines, and to provide a significance in terms of related chemical spaces (Fig. 3B) , regardless of the color, the origin of production (and grape variety), and the barrel oak species. The 2-dimensional van Krevelen diagram (see Fig. S3 ) clearly shows that in the CHO chemical space, compounds responsible for the discrimination not only include polyphenolic-related species but also span from saturated weakly oxygenated molecules to unsaturated highly oxygenated ones. Such discrimination is necessarily based either on wood extractables or on related products of the molecular diagenesis that could have occurred upon aging. Although no metabolic pathways for the Quercus organism are available, but bearing in mind that oak and vine are both ligneous plants, we have also processed these discriminant masses through 
